There is a growing amount of evidence for a neuroprotective role of progesterone and its neuroactive metabolite, allopregnanolone, in animal models of neurodegenerative diseases. By using a model of hemiparkinsonism in male rats, injection of the neurotoxic 6-OHDA in left striatum, we studied progesterone's effects on rotational behavior induced by amphetamine or apomorphine. Also, in order to find potential explanatory mechanisms, we studied expression and activity of nigrostriatal 3 -hydroxysteroid oxidoreductase, the enzyme that catalyzes progesterone to its active metabolite allopregnanolone. Coherently, we tested allopregnanolone for a possible neuromodulatory effect on rotational behavior. Also, since allopregnanolone is known as a GABA A modulator, we finally examined the action of GABA A antagonist bicuculline. We found that progesterone, in addition to an apparent neuroprotective effect, also increased ipsilateral expression and activity of 3 -hydroxysteroid oxidoreductase. It was interesting to note that ipsilateral administration of allopregnanolone reversed a clear sign of motor neurodegeneration, that is, contralateral rotational behavior. A possible GABA A involvement modulated by allopregnanolone was shown by the blocking effect of bicuculline. Our results suggest that early administration of progesterone possibly activates genomic mechanisms that promote neuroprotection subchronically. This, in turn, could be partially mediated by fast, nongenomic, actions of allopregnanolone acting as an acute modulator of GABAergic transmission.
Introduction
Parkinson's disease (PD), a neurodegenerative disorder originally described in 1817 [1] , affects more than 1% of the population above 55 years old, and prevalence increases to 3.1% between 75 and 84 years old [2] . The pathogeny is a primary degeneration of dopaminergic neurons in the substantia nigra (SN), although clinical features that allow medical diagnosis become evident only when neuronal death is around 80% [3] . Although precise etiology is unknown, PD has long been thought to be related to both genetic and environmental factors. Among them, oxidative stress, proteasomal dysfunction, protein aggregation, and environmental toxins, one hypothesis involves deleterious mitochondrial functionality via excitatory pathways that would lead to cytotoxicity [1, 4] .
Sex steroids are molecules that, among other targets, have a great impact on the CNS. Regarding PD, it is known that men are more affected than women, at least before the menopause [5] . Strong evidence is related to the influence of estrogens (particularly 17 -estradiol) in preventing the disease [6] , particularly if neurons are healthy at the time of the treatment [7] . Progesterone has received less attention as a potential neuroprotective molecule, even though progesterone receptors are broadly expressed throughout the whole brain, affecting cognitive capabilities and neurogenesis [8] , as well as motivation and anxiolytic effects [9] . Some functions of progesterone in CNS could be attributed to its metabolite allopregnanolone (ALLO), one of the most studied neuroactive steroids [10] [11] [12] . Guennoun et al. [13] have shown that chronic administration of progesterone induces an increase in brain levels of ALLO in injured rats. This neurosteroid, a potent allosteric enhancer of GABA A receptors, can increase GABAergic neurotransmission much more than benzodiazepines and barbiturates [14, 15] . ALLO is synthesized into the nervous system from progesterone through two subsequent metabolic steps. The second one is mediated by the enzyme 3 -hydroxysteroid oxidoreductase (3 -HSOR) that catalyzes reduction of dihydroprogesterone to ALLO [16] [17] [18] .
We have previously demonstrated that the neuroactive steroids progesterone and ALLO modulate striatal dopaminergic activity of rats under different gonadal hormonal conditions [19, 20] and that systemic administration of progesterone to hemiparkinsonian rats prevents depressionlike behavior [21] . These beneficial premotor effects led us to inquire whether or not the neuroprotective effects of progesterone and/or its metabolite ALLO on premotor conditions could be extended to motor manifestations in a model of hemiparkinsonism in rats. In this work, by using such a model of hemiparkinsonism in male rats, our objectives were to study (1) the effect of progesterone on turning behavior; (2) the potential actions of progesterone on expression and activity of nigrostriatal 3 -HSOR; (3) the eventual modulatory effect of intrastriatal-administered ALLO on turning behavior; and (4) the existence of some evidence regarding GABAergic transmission involvement since ALLO is a potent GABA A modulatory neurosteroid.
Materials and Methods

Animals.
Male Sprague-Dawley rats from our breeding colony ( = 53) were used as our subjects of study. They were 60-90 days old, 280-340 g. They were housed under controlled temperature (22 ± 2 ∘ C) and lighting (12-hour light cycle beginning at 07.30 am) conditions. Food and water were available ad libitum. Animals for the experiments were kept and handled according to the National Institute of Health Guide for the care and use of laboratory animals.
2.2.
Reagents. Progesterone, ALLO, 5 -DHP, 6-hydroxydo pamine hydrobromide (6-OHDA), amphetamine, desipramine HCl, bicuculline, apomorphine hydrochloride, and NADPH were purchased from Sigma-Aldrich (St. Louis, MO, USA). Chloral hydrate was purchased from Anedra (Buenos Aires, Argentina). The neurotoxic 6-OHDA was dissolved at a concentration of 2 g/ L saline in 0.1% ascorbic acid [22] . Allopregnanolone was initially dissolved in propylene glycol to a concentration of 600 M. The concentration of ALLO used in the experiments (2 M: active in our dose response curve) was obtained by successive dilutions in sterile saline. Control animals were injected with sterile saline with 1% propylene glycol. The 4.9 M concentration of the GABA A receptor antagonist bicuculline was the same used in our previous published results [20] .
Surgical Procedures
2.3.1.
Left Nigrostriatal Lesion with 6-OHDA. To achieve unilateral lesions of nigrostriatal system rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) and placed in a stereotaxic frame (David Kopf, USA) to inject 6-OHDA into the left striatum (Anterior-Posterior, +1.2 mm; Mediolateral, +2.5 mm; Dorsoventral, −6.5 mm relative to bregma). The neurotoxin injection was conducted to a rate of 0.5 L/min with a continuous perfusion pump. The needle was left in place for another 5 min after the injection to avoid reflux. To prevent uptake of 6-OHDA by noradrenergic neurons, animals were pretreated with desipramine (25 mg/kg, i.p.) 30-40 min before injection of 6-OHDA [22] .
The site of the injection was experimentally assessed by checking the striatum with a binocular microscope (Zeiss, West Germany, 4x magnification) immediately after killing animals ( Figure 1 ). When the place of the injection was outside of the left striatum, the subjects were not further utilized.
Striatal Cannulation.
For experimental procedure II, described below, animals of different groups were anaesthetized with chloral hydrate and fixed in a stereotaxic frame. They were unilaterally implanted in left striatum with stainless steel cannula (0.80 mm × 38 mm) according to the coordinates of Paxinos and Watson's atlas (AnteriorPosterior, +1.2 mm; Mediolateral, +2.5 mm; Dorsoventral, −5.5 mm relative to bregma). The cannulae were implanted 1 mm above the structure in order to minimize damage of the brain area and fixed to the skull with dental cement. At the end of the surgery, cannulae were sealed with a stainless steel wire to protect them from obstruction. To prevent infections, all animals received an intramuscular injection of penicillin G benzathine, 1.200.000 IU each.
Open Field.
A commercial photoelectric device (OptoVarimex, Columbus Instruments, USA), designed to measure photobeam interruptions in individually tracked photocells, was used to assess locomotor and exploratory activity of the animals in order to avoid potentially confounding variables affecting posterior turning behavior results. The OVM consisted of a Plexiglas transparent cage (30 cm × 42 cm × 42 cm) with a homogenous black plastic floor. The walls housed infrared emitters and detectors in order to automatically register several measures: (1) horizontal activity: all movements performed on the horizontal axis; (2) ambulatory activity: all movements detected as displacement; (3) nonambulatory activity: all movements performed by the animal while remaining in the same place; (4) number of movements: number of episodic or consecutive movements performed by the animal; and (5) vertical activity: number of times the subject rises on their rear feet in the air or against the walls during at least 2 seconds. Regarding any measure other than discrete ones, for example, vertical activity, they were referred to as total counts/5 min, scoring a count as an interruption of the photobeam per second [23] . The numbers of horizontal, vertical, and total movements were recorded during a five-minute test period. 
Experimental Design.
Adult rats were randomly assigned to experimental procedure I, in order to achieve first and second objectives of this work, or experimental procedure II, to achieve third and fourth objectives (see last paragraph of Introduction).
Experimental Procedure I.
To evaluate the effect of progesterone on the turning behavior of hemiparkinsonian rats, animals were randomly assigned to one of 3 experimental groups: (1) sham group ( = 9) injected with vehicle, without neurotoxin; (2) hemiparkinsonian group (HP group, = 11), animals were lesioned by injection of 6-OHDA in their left striatum; and (3) progesterone-treated hemiparkinsonian group (P 4 -treated HP group, = 9), same as in group 2, but animals were administered at noon for three consecutive days with progesterone 4 mg/kg s.c., starting 1 week after 6-OHDA lesion [21, 24] . Two weeks later, we performed turning behavior tests after administering amphetamine, in order to ensure the use of either healthy, sham, animals or lesioned, hemiparkinsonian, animals (see Section 2.6). Eight weeks after 6-OHDA lesion, animals were tested again by administering apomorphine according to the protocol described below (see Section 2.7) [25] . Two days after the last test the animals of the three experimental groups were decapitated and their striatum and SNs dissected out for further determination of either mRNA expression by RT-PCR (sham group, = 5; HP group, = 5; and P 4 -treated HP group, = 5) or enzymatic activity (sham group, = 4; HP group, = 6; and P 4 -treated HP group = 4) of 3 -HSOR, according to the protocol described below. A schematic representation of this experimental procedure is shown in Figure 2 (a).
Experimental Procedure II.
Animals were randomly assigned to one of three experimental groups: (1) sham group ( = 8); (2) hemiparkinsonian group ( = 8); and (3) progesterone-treated hemiparkinsonian group ( = 8). Seven weeks after 6-OHDA lesion, animals were unilaterally implanted in left corpus striatum with stainless steel cannula as described before. Nine days after cannulation, each rat was injected into left striatum for three consecutive days with the following treatments: day 9: vehicle (1 L); day 10: 2 M ALLO (1 L); and day 11: 4.9 M bicuculline + 2 M ALLO (1 L). Drug administration was performed with a needle (0.5 mm outer diameter), connected to a 10 L syringe (Hamilton, Reno, NV, USA), introduced through the guide cannula until its tip was 1.5 mm below the end of the cannula. The syringe was gently and slowly depressed for 1 min and left in situ for one further minute to allow diffusion from the needle throughout the striatum. Thirty minutes after drug administration, apomorphine-induced turning behavior was assayed. A schematic representation of this experimental procedure is shown in Figure 2(b) . 2.6. Amphetamine-Induced Turning Behavior. Two weeks after receiving the neurotoxic 6-OHDA, the subjects were injected with 1 mg/kg amphetamine i.p. [22] . To run the test, the subject was placed in a plastic bowl of 20 cm of diameter. Each subject was attached to an automated rotameter (BASinc Raturn Ⓡ , West Lafayette, IN) via a specially adapted harness. They were allowed to habituate to a period of dimly lit environment for 10 min before contralateral and ipsilateral turns, regarding the side of the lesion, were recorded over 60 min. The results of the turning behavior test were calculated as the difference between the numbers of contralateral and ipsilateral turns and were expressed as turns/hour [22] . Animals previously treated with 6-OHDA that failed to show ipsilateral rotations were considered as nonlesioned and therefore dismissed from the experiment.
Apomorphine-Induced Turning
Behavior. Eight weeks after 6-OHDA lesion, apomorphine was injected s.c. at a dose of 2 mg/kg [26] and rotations were monitored for 60 min using the same experimental setup as for amphetamineinduced turning behavior. Results were expressed as turns/hour.
Enzymatic Activity Assay of 3-HSOR.
The isolated striatum and SNs were homogenized in 2 mL of ice-cold 10 mM phosphate buffer (pH 6.5) containing 0.154 M KCI, 1 mM dithiothreitol, 0.5 mM EDTA, and 1 M PMSF. The homogenate was centrifuged at 105000 ×g for 60 min at 4 ∘ C in a Beckman Optima TL (Palo Alto, CA) ultracentrifuge equipped with a TLA-100.3 rotor. The supernatant fraction (cytosolic fraction) was stored at −80 ∘ C until the day of enzyme assay. Enzyme activity assay of 3 -HSOR [27] was determined spectrophotometrically by measuring the oxidation rate of NADPH at 340 nm and 37 ∘ C in a 1.0 cm-path length cuvette with a Metrolab 1600 DR (USA) spectrophotometer. The reductase activity was measured in 100 mM phosphate buffer (pH 6. in a total volume of 1.0 mL. The reaction was initiated by addition of cofactor to the assay mixture. A blank sample without substrate was routinely included. Water-insoluble substrate was dissolved in ethanol, and the final concentration of ethanol in the assay mixture did not exceed 1%, a concentration that had no effect on the catalytic activity of the enzyme. Protein concentration was determined by the method of Lowry [28] using BSA as a standard. The enzymatic activity was expressed as nmol of substrate consumed by 1 milligram of total protein in 1 minute. 
RNA Isolation and Multiplex RT-PCR
Statistical Analysis.
For the statistical analysis we utilized GraphPad Prism software for Windows (version 5.03). We performed Shapiro-Wilks' test in order to prove whether our data came from a normally distributed population. Behavioral experiments of procedure I, mRNA expression, and enzymatic activity of 3 -HSOR data were analyzed using a one-way ANOVA test, with a Tukey post hoc test. Behavioral experiments of procedure II were analyzed with a two-way ANOVA with repeated measures in a 3 × 3 factorial design, where groups (sham, HP, and P 4 -treated HP groups) and experimental conditions (vehicle, ALLO, and Bic + ALLO) were the factors. Each analysis was followed by a Bonferroni post hoc test. All the results were expressed as means ± SEM. The significance level to be considered as statistically different was set at < 0.05.
Results
Effect of 6-OHDA Injection and Progesterone Treatment on the Locomotor and Exploratory Activity.
Open field tests were performed to exclude eventual effect of confounding variables related to locomotor and exploratory activity of the animals. Statistical analysis showed that neither 6-OHDA, amphetamine, apomorphine, progesterone, ALLO nor Bic+ ALLO treatments modified the parameters evaluated (data not shown).
Experimental Procedure I
Effect of Progesterone on the Ipsilateral Turning Behavior.
Two weeks after 6-OHDA lesion, both groups, hemiparkinsonian and progesterone-treated hemiparkinsonian groups, displayed strong ipsilateral turning behavior in response to amphetamine compared to the sham group ( < 0.001) (Figure 3(a) ). On the other hand, the progesterone-treated hemiparkinsonian group showed a significant reduction of ipsilateral turning behavior compared to the hemiparkinsonian group ( < 0.01) (Figure 3(a) ). 
Effect of Progesterone on the Contralateral Turning
Behavior. Eight weeks following 6-OHDA lesion, hemiparkinsonian group exhibited significant contralateral turning behavior in response to apomorphine compared to sham and progesterone-treated hemiparkinsonian groups ( < 0.001) (Figure 3(b) ). Moreover, progesterone-treated hemiparkinsonian group showed a significant ipsilateral behavior compared to sham ( < 0.001) and hemiparkinsonian ( < 0.001) groups (Figure 3(b) ).
Effect of Progesterone on 3 -HSOR mRNA Expression in
Striatum and SN. None of the experimental groups showed significant changes (data not shown) regarding 3 -HSOR mRNA expression of SN samples obtained 8 weeks after 6-OHDA lesion. On the other hand, the 3 -HSOR mRNA ipsilateral expression of progesterone-treated hemiparkinsonian group was significantly augmented compared to sham ( < 0.001) and hemiparkinsonian ( < 0.05) groups (Figure 4(a) ). On the other hand, 3 -HSOR mRNA expression was no different among groups when SN samples contralateral to lesion were considered (Figure 4(b) ).
Effect of Progesterone on Enzymatic Activity of 3 -HSOR
in Striatum and SN. Like 3 -HSOR mRNA expression, on SN samples there were no differences in the 3 -HSOR enzymatic activity between the different experimental groups (data not shown). On the other hand, there was a significant increase in the ipsilateral enzymatic activity of progesteronetreated hemiparkinsonian rats compared to hemiparkinsonian rats ( < 0.001) (Figure 5(a) ). There were no statistical differences in the contralateral enzymatic activity among any of the analyzed groups ( > 0.05) ( Figure 5(b) ).
Experimental Procedure II
Effect of Allopregnanolone on Turning Behavior at 8 Weeks after 6-OHDA Lesion. Turning behavior at 8 weeks after 6-OHDA lesion was not modified by any treatment. Interestingly, the injection of ALLO induced a significant change in turning behavior to the left side in sham ( < 0.001) and hemiparkinsonian ( < 0.001) groups but not in control groups. The administration of ALLO did not show an effect on progesterone-treated hemiparkinsonian group compared with controls. The prior injection of bicuculline blocked the effects of ALLO on turning behavior in sham ( < 0.001) and hemiparkinsonian ( < 0.001) groups but interestingly did not exert any significant effect on progesterone-treated hemiparkinsonian group ( > 0.05) (Figure 6 ).
Discussion
In the present work, and in agreement with previous reports [29] , hemiparkinsonian animals displayed ipsilateral turning behavior after injecting amphetamine two weeks following 6-OHDA lesion (Figure 3(a) ) and contralateral turning behavior after apomorphine treatment eight weeks after lesion (Figure 3(b) ). By administering progesterone one week after injection of the neurotoxic 6-OHDA, our subjects showed a reduced ipsilateral turning behavior regarding not treated ones. One possibility, although highly speculative, is that progesterone could be increasing the functionality of surviving dopaminergic neurons in the ipsilateral nigrostriatal pathway. In fact, progesterone has been reported to increase dopamine release from dopaminergic terminals [19] . Hence, amphetamine-induced dopamine release from ipsilateral nigrostriatal terminals of progesterone-treated animals could be bigger than that of those not receiving progesterone. In this sense, it could be thought as healthy remaining neurons compensating the lack of functionality induced by dysfunctional neighboring neurons. In turn, this neuromodulatory effect would be subchronically consistent since eight weeks after 6-OHDA injection turning behavior was ipsilateral. It could be possible to think of progesterone as preventing 6-OHDA-induced neuronal death through regulation of gene transcription, immunomodulation, and regulation of intracellular cascades, all of them slow mechanisms regarding interaction of the hormone with intracellular receptors [30, 31] . In brief, it looks like progesterone might prevent neuronal death. However, we cannot neglect the option of compensatory sprouting of surviving ipsilateral neurons, at the shadow of the injury, as well as compensatory upregulation. This is reinforced by the strong contralateral turning behavior shown by both injections of amphetamine or apomorphine. Of course, a combination of mechanisms could not completely be ruled out at this time.
In order to study one possible mechanism of neuroprotection, since the action of progesterone could be also mediated by its neuroactive metabolite ALLO, we were interested in the expression and enzymatic activity of nigrostriatal 3 -HSOR. Agís-Balboa and colleagues have reported that 3 -HSOR is expressed in GABAergic neurons in rat striatum [18] . Our results showed that progesterone increases both the expression and the activity of the enzyme, but only in left striatum (i.e., damaged tissue) (Figures 4 and 5 ). Of course, such an increase of expression and activity of the enzyme should probably be accompanied by an increase in ipsilateral striatal levels of ALLO. In fact, administration of systemic progesterone to injured rats produces increases in ALLO levels in neuronal damaged tissues, possibly reflecting a protective effect for this neuroactive steroid [32] .
As it has been shown, progesterone induced expression of 3 -HSOR was specific of striatal tissues. Since several
